Introduction
The discovery of stable transition-metal complexes with molecular dihydrogen as a side-on bound ligand by Kubas et al. in 1983 was a breakthrough in the historical development of coordination chemistry. [1] Since then, dihydrogen complexes of transition metals have been the subject of considerable interest because they present models for the metal-induced activation of the hydrogen molecule, [2] [3] [4] either through oxidative addition or heterolytic cleavage. [2, 3, [5] [6] [7] [8] In general, it is possible to obtain nonclassical metal-hydride complexes by direct reaction with hydrogen, by protonation of hydride complexes, or by reduction reactions.
[3b] Stable coordination between the molecular dihydrogen and a metal centre is based on two contributions: the donation from the filled H 2 s orbital to the empty d orbitals on the metal, and the backbonding of the d electrons to the antibonding s* orbital of the hydrogen ligand. Thus, several factors, such as the ability of the metal to donate electrons and the nature of the ligand in the trans position, influence the stability and the reactivity of the M À H 2 unit.
[3, 4, 9] As recently highlighted by van Leeuwen et al., the structural demands of an ancillary chelating ligand can also play an important role in defining the properties of h 2 -H 2 ligand. [10] In the present paper, we report on the synthesis and characterisation of new nonclassical ruthenium hydride complexes with constrained ligand geometries, which substantiate the importance of well-defined structural features for the H 2 -binding mode and reactivity. [11] The chemistry of ruthenium complexes containing nonclassical hydride ligands was pioneered by Chaudret et al. with the synthesis of the hexahydride complex of formula Abstract: The synthesis and characterisation of nonclassical ruthenium hydride complexes containing bidentate PP and tridentate PCP and PNP pincer-type ligands are described. The mononuclear and dinuclear ruthenium complexes presented have been synthesised in moderate to high yields by the direct hydrogenation route (one-[Ru(H 2 ) 2 (H) 2 A C H T U N G T R E N N U N G (PCy 3 ) 2 ] (1) (Cy= cyclohexyl, Figure 1) . [12] This species was proven to possess a unique structure with two classical hydrides and two molecular dihydrogen ligands in mutually cis positions, [12c] as confirmed most recently by neutron diffraction for [Ru(H 2 ) 2 (H) 2 A C H T U N G T R E N N U N G (PCyp 3 ) 2 ] (Cyp = cyclopentyl).
[12d] Meanwhile, several ruthenium complexes containing nonclassical hydride ligands have been synthesised, allowing a better understanding of the stability, reactivity, and binding mode of the h 2 -H 2 moiety. [13, 14] Complex 1 has found application as a starting material for a variety of ruthenium-dihydrogen complexes. [13] [14] [15] Moreover, it has been used as a catalyst precursor for hydrogenation, [13, 16] silylation, [17] coupling reactions (Murai reaction), [15, 18] and metathesis. [19] Recently, we reported the synthesis of new complexes 2 and 3, in which one or both PCy 3 ligands of 1 are replaced with strongly basic and sterically encumbered heterocyclic carbene ligands. [20] X-ray crystal structure analysis revealed that the arrangement of the central RuH 6 core is largely retained in these species. However, as a result of the specific ligand environment, the reactivity of the carbene differs from that of 1, including an interesting potential use in catalytic H/D exchange processes. [20, 21] An alternative possibility for expansion of the structural variety of nonclassical ruthenium-hydride complexes is to incorporate the donor sites into chelating frameworks with constrained geometries. [10] In the present work, we have therefore set out to investigate more systematically bi-and tridentate chelating ligand frameworks for the stabilisation of bi-and mononuclear ruthenium dihydrogen complexes (Figure 2 ).
Preliminary studies from our team [11] and in industrial laboratories [16] indicate that binuclear complexes of the general formula [Ru 2 H 6 (P 2 ) 2 ] can be obtained with chelating ligands P 2 of type R 2 PA C H T U N G T R E N N U N G (CH 2 ) n PR 2 . Herein, we describe the synthesis of ruthenium complexes [H(P 2 )RuA C H T U N G T R E N N U N G (m-H) 3 Ru(P 2 )(H 2 )] (4 a: P 2 = Cy 2 PA C H T U N G T R E N N U N G (CH 2 ) 3 PCy 2 dcpp; 4 b: P 2 = Cy 2 PA C H T U N G T R E N N U N G (CH 2 ) 2 PCy 2 dcpe) and the complete spectroscopic and crystallographic characterisation of 4 a. The ligands were chosen to largely retain the electronic nature of the ligands in 1 while enforcing a cis geometry with a defined P-M-P angle to allow systematic comparison with similar dinuclear ruthenium complexes previously reported in the literature. To obtain mononuclear structures we have applied PCP and PNP pincer ligands in complexes 5 and 6, respectively, to force a meridional tridentate coordination mode. Owing to their interesting catalytic behaviour, transition-metal complexes containing tridentate pincer ligands have been studied extensively during the past decade.
[22] However, there are limited examples of ruthenium-centred complexes, and no ruthenium dihydrogen complexes with such ligands have been reported so far. In contrast, a number of rhodium, platinum, and osmium complexes containing these pincer ligands are known. [22, 23] Recently, a ruthenium dihydrogen complex bearing an aliphatic POP pincer was presented.
[23f]
Results and Discussion
Complexes 4 a and 4 b are readily obtained by hydrogenation of the allyl complexes 7 a and 7 b following a procedure previously developed in our group (Scheme 1). [11, 24] Under optimised conditions, 4 a and 4 b have been isolated in fair to excellent yields as orange microcrystalline solids directly from the reaction mixture upon cooling and filtration. Complex 4 a shows high solubility in aromatic solvents and is remarkably stable in the solid state, even in the presence of air or under vacuum. Although the compounds are too thermally labile to detect the molecular ions directly, the fragmentation observed in mass spectroscopic analysis confirms a dinuclear structure for complex 4 a. The IR spectra of complexes 4 a and 4 b show characteristic bands that are readily assigned to terminal hydrides (Ru À H) and bridging hydrides (Ru-H-Ru), located for 4 a at ñ 1990 and 1552 cm À1 , respectively. As other parts of the IR 
Scheme 1. Formation of complexes of type 4 a (100 %) and 4 b (36 %) by hydrogenation of allyl-type complexes 7 a (P 2 = dcpp) and 7 b (P 2 = dcpe).
www.chemeurj.org spectrum of 4 a are dominated by the bands resulting from the dcpp ligands, the IR spectrum of the corresponding deuterated complex [D 6 ]-4 a was also examined. 31 P NMR signal of 4 a, which at room temperature is detected at d = 69.5 ppm, splits into two broad signals when the temperature is lowered to À80 8C. The highfield proton signal does not yet show significant decoalescence at this temperature. Owing to the fast exchange between classical and nonclassical hydrides even at low temperature, it was not possible to determine separate resonance frequencies for the individual hydridic ligands or to measure P-H coupling constants.
In order to further evaluate the nature of the hydridic ligands in complex 4 a, the minimum relaxation time T 1 A C H T U N G T R E N N U N G (min) was determined. [26] The values measured with a 400 MHz NMR spectrometer at various temperatures are graphically displayed in Figure 3 . The T 1 A C H T U N G T R E N N U N G (min) for 4 a was determined as 53 ms at 271 K. A comparison with the values reported for other similar complexes confirms the presence of a nonclassical structure, which is usually associated with T 1 A C H T U N G T R E N N U N G (min) < 100 ms. An H À H distance of 104 pm (AE 1 pm based on instrumental errors) can be calculated from the T 1 A C H T U N G T R E N N U N G (min) measurement. Owing to dynamic exchange with the other hydride signals, this value can be regarded only as the upper limit for the distance in the coordinated H 2 moiety, however.
Additional evidence for the presence of a s-coordinated hydrogen molecule is provided by the reaction of complex 4 a with molecular nitrogen to form the complex [H-
. [1, 3, 4] After exposure of a [D 8 ]toluene solution of 4 a to a nitrogen stream in a Young valve NMR tube, the high-field region of the 1 H NMR spectrum shows, together with a small signal for the starting complex, one apparent doublet at d = À9.2 ppm (Dn = 53 Hz), one broad signal at d = À15.5 ppm and one triplet at d = À19.4 ppm (t, 2 JA C H T U N G T R E N N U N G (H,P) = 33 Hz). The 31 P NMR shows two signals of equal intensity at d = 75.1 ppm (s) and d = 47.1 ppm (s) and reveals 9 % of the starting material at d = 68 ppm (s). The reaction is reversible and compound 4 a is quantitatively restored when the same solution is exposed to hydrogen gas. Interestingly, 4 a can also easily be converted to 8 in the solid state under 14 bar nitrogen pressure, indicating that the coordination sphere in both solution and solid state is identical.
The solid-state structure of the ruthenium hydride 4 a was determined by single-crystal X-ray structure analysis. Crystals of 4 a, suitable for X-ray investigation, were obtained by slow evaporation of a hexane solution under hydrogen atmosphere. Figure 4 depicts a graphical representation of the molecular structure and Table 1 summarises selected bond lengths and angles. [27] Notably, all hydrogen atoms in the coordination sphere of the ruthenium centres could be located and fully refined.
The dimeric structure of 4 a is made of two slightly distorted octahedra, whose centres are occupied by the two ruthenium atoms. The phosphine groups exhibit an anticline arrangement, which minimises the steric effect of the cyclohexyl groups in the backbones. The bite angle measured for the two dcpp ligands in 4 a ( % 958) is slightly larger than previously reported for 7 a ( % 91.38). [24] The distances between the bridging hydrides and the ruthenium centres are significantly longer than those measured for the remaining hydro- gen atoms. Most significantly, two hydrogen atoms were located in an arrangement characteristic of a coordinated H 2 molecule at Ru1 with an HÀH distance of 0.83 . Considering the dynamic behaviour of 4 a in solution, this value is in full agreement with the upper limit derived from T 1 measurements. The H 2 moiety is almost fully aligned with the plane described by the phosphorus atom P2, the ruthenium centre Ru1, and the bridging hydride H2. This arrangement may be explained in terms of a favourable overlap between the s* on H 2 and a filled d orbital on the metal, which allows most efficient backbonding.
Comparison of the structure of complex 4 a with the known dimeric ruthenium hydride complexes 9 and 10, containing nonchelating phosphine ligands ( Figure 5 ) [28] contributes to a better understanding of how the electronic and structural environment around the metal centre affects the hydrogen coordination. It has been shown that complex 9, with its PPh 3 ligand, must be formulated as a nonclassical dihydrogen complex, [28a] whereas complex 10, with the PiPr 3 , ligand adopts the form of a classical dihydride.
[28b] Following classical arguments, this difference arises because the stronger basicity of the PiPr 3 ligand favours back donation into the antibonding orbital of the coordinated s-H 2 ligand, which leads finally to rupture of the H À H bond. However, based on the basicity of the phosphine ligands, a classical dihydride structure would also be expected for complex 4 a (dcpp: pK a % 10; PiPr 3 : pK a % 8; PPh 3 : pK a = 2.7), [29] which is obviously not in agreement with the experimentally determined structure in the solid state and in solution.
A closer inspection of the molecular structures of the three complexes reveals that the coordination geometry in the P-Ru-P unit plays a more important role in defining the bonding situation of the RuÀH 2 moiety than does the ligands basicity. [10] It is well known that changes in P-M-P coordination geometry can influence the electronic properties at the metal centre more strongly than purely electronic factors through changes in the hybridisation [30a] or by changing the overlap of the lone pair of the donor with the M À P trajec-A C H T U N G T R E N N U N G tory.
[30b] In the present case, the -(CH 2 ) 3 -backbone in dcpp fixes the two donor units in a cis arrangement with a bite angle of 95.3 (P1-Ru1-P2) and 95.98 (P3-Ru2-P4), very similar to the one observed in 9 b ( % 958). The bulky PiPr 3 ligands in 10 maximise their distance freely, thus widening the P-Ru-P angles to 113.10 (P1-Ru1-P2) and 106.758 (P3-Ru2-P4). Thus, the nonclassical structure in the dimeric complexes can be associated with the smaller bite angle, whereas the dihydride structure is adopted for larger bite angles. If the angle opens up fully to adjust a trans arrangement of the two donor ligands, the dimeric structures break up to form the monomeric complexes of type 1-3 in the presence of excess hydrogen. Naturally, this is not possible if the cis arrangement is permanently fixed as in the complexes with bidentate ligands.
In an attempt to generate monomeric nonclassical ruthenium hydride complexes with a chelating ligand framework, we turned our attention toward pincer-type ligands that allow a trans arrangement of two electron-rich and bulky phosphorous donor groups. In a one pot procedure, [Ru-
11 was hydrogenated (7 bar) at 50 8C in the presence of phosphine 12. A reddish-brown solid precipitated from MeOH solution and was isolated by filtration of the reaction mixture at room temperature. 
as major reaction product, together with small amounts (< 10 %) of unidentified side products. In solution the nonclassical trihyride 13 is generated owing to loss of H 2 (38 %). The two dihydrogen complexes 5 and 13 result from coordination of the ligand and intramolecular CÀH activation at the 2-position in the aromatic ring (Scheme 2). [11] At room temperature the five hydrogen atoms in the coordination sphere of the ruthenium centre of complex 5 give rise to an average broad signal centred at d = À9.21 ppm, while the equivalent phosphorous atoms lead to a singlet at d = + + 107.8 ppm in the 31 P NMR spectrum. 1 H NMR experiments performed at low tempera- . Complex 6 is isolated directly from the reaction mixture by filtration at room temperature; it is a light-brown, microcrystalline powder obtained good yields under optimised conditions. In contrast to the situation in complex 5, the neutral two-electron donor group of the pyridine moiety in 17 results in the coordination of two classical hydrides and one molecular hydrogen ligand. At room temperature, the 1 H NMR spectrum has a signal at d = À7.3 ppm (t, 4 H, 2 JA C H T U N G T R E N N U N G (H,P) = 13.2 Hz) and upon cooling the sample to À80 8C the triplet changes to a broad signal. T 1 A C H T U N G T R E N N U N G (min) was found to be 77 ms at q min = 228 K (Figure 6 ), resulting in an upper limit of 111 pm (AE 1 pm, based on instrumental error) for the HÀH distance in the H 2 moiety.
The dihydrogen ligand in complex 6 can be replaced by N 2 , but the reactivity of 6 differs significantly from that of complexes 1-4 (Scheme 5). Firstly, the ligand exchange is relatively slow (66 % conversion after 90 min) and small amounts of unreacted 6 can be detected by 1 JA C H T U N G T R E N N U N G (H,P) = 16.81 Hz) and À12.8 ppm) appears to be unstable and converts to a dynamic system of presumably polynuclear complexes as indicated by two sets of broad signals at d = + + 81-74 and + 70-65 ppm (see Supporting Information for details). This process is fully reversible and complex 6 is restored quantitatively (by NMR) under hydrogen atmosphere. [25] The expected bands between 1488 and 1202 cm À1 for ruthenium deuterides could not be detected in the indicated area. These results show that a synthesis of [D 4 ]-6 seems impossible because during the synthesis under D 2 gas rapid H/D scrambling occurs and finally a partly deuterated pincer backbone is obtained and the expected ruthenium deuterides are exchanged to ruthenium hydrides.
Conclusion
In summary, we have presented the synthesis and characterisation of two types of nonclassical ruthenium hydride complexes containing chelating ligands with defined coordination geometries. The straightforward preparation is achieved by hydrogenation of readily available bis-methallyl complexes. Dimeric complexes of type 4 are obtained with bidentate cis chelating phosphine ligands, whereas monomeric complexes 5 and 6 can be generated with tridentate PCP and PNP pincer ligands. The presence of coordinated dihydrogen molecules was confirmed by X-ray structure analysis and IR and NMR spectroscopic techniques. The stable coordination of the H 2 molecule in the binuclear polyhydride complexes is strongly influenced by the coordination geometry, which appears to play a more decisive role than the basicity of the P donor groups.
The monomeric complex 6 with a PNP pincer ligand shows an interesting reactivity in particular relating to C À H bond activation processes. Whereas it is typically the acidic benzylic position that is activated in other ruthenium complexes of this ligand class, [32] complex 6 shows a strong preference for the activation of aromatic C À H bonds. The implication of this reactivity for catalysis is currently under investigation in our laboratories and will be reported separately.
Experimental Section
General: All reactions were performed under Ar, H 2 , D 2 or N 2 atmospheres using Schlenk or glove-box techniques. Solvents and substrates were purchased from Aldrich, Acros, and Strem and were purified according to standard procedures. [33] The PNP ligand dtbpmp 17 was synthesised according to the procedure by Milstein et al.
[23e] and Hartwig and Kawatsura. [34] The allyl complexes 7 a and 7 b were prepared according to a previously reported synthesis. [24] The syntheses of the ruthenium hydrides were carried out in a modified thick-walled glass reactor (Büchi Glas Uster Miniclave), comparable with a Fischer-Porter bottle.
SAFETY WARNING: The use of pressurised gases can be hazardous and must only be carried out with suitable equipment and under appropriate safety precautions.
Allyl complex 7 a (259 mg, 0.4 mmol) and hexane (5 mL) were introduced in a thick-walled glass reactor, which was subsequently charged with H 2 (7 bar). The light grey 1 equiv), dtbpmp (17) (364 mg, 0.92 mmol; 1.05 equiv) and degassed npentane (12 mL). The autoclave was flushed with 2 bar H 2 gas (or D 2 gas) at room temperature, then the temperature was increased to 55 8C (oil bath), and the H 2 pressure was stabilised at 7 bar. The reaction was stirred for 18 h, cooled to room temperature and the H 2 pressure was decreased to 1 bar. The red solution was filtered through a cannula under an H 2 stream and the remaining solid was washed under an H 2 stream with n-pentane to give a yellow-brown solid, which was primarily stored under 1 bar hydrogen in the autoclave. The product was transferred into a dry Schlenk tube using a glove box and further dried under an H 2 stream. Finally it was stored under 1 bar hydrogen in an additionally sealed (paraA C H T U N G T R E N N U N G film) Schlenk tube at À20 8C (323 mg, 74 %). 1 ; IR (KBr) ñ = 3074 (w, n; CH ar ), 3041 (w, n; CH ar ), 3018 (w, n; CH ar ), 2983 (w, n; CH 2 ), 2940 (s, n; CH 2 ), 2893 (s, n; CH 2 ), 2862 (s, n; CH 2 ), 2095 (w, n; Ru-H 2 ), 1990-1700 (m, n; Ru-H), 1592 (m, n; C=N), 1562 (m, n; C=C), 1459 (s, d; ; IR (KBr): ñ = 3012 (w, n; CH ar ), 2983 (s, n; CH 2 ), 2946 (s, n; CH 2 ), 2900 (s, n; CH 2 ), 2863 (s, n; CH 2 ), 2247 (w, n; CD ar ), 2199 (w, n; CD ar ), 2151 (w, n; CD ar ), 2094 (w, n; Ru-H 2 ), 2000-1700 (m, n; Ru-H), 1582 (m, n; C=N), 1546 (m, n; C=C), 1458 (s, d; CH 2 
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